global warming. As one of the most important management measures affecting cereal production and quality (Mcleod et al., 1992) , exploring optimal crop sowing date to local environment is required. It is by changing the relative duration of the preanthesis period and the environmental conditions during the grain filling period that the sowing date could significantly modify the contribution of the postanthesis dry matter and N accumulation to the grain dry matter and N yields, respectively (Ferrise et al., 2010) . Furthermore, local farmers on the Loess Plateau prefer to plant only one crop (wheat or maize [Zea mays L.]) in 1 yr for traditional reasons based on the local climatic conditions, which provides great potential to adjust the sowing date. Therefore, adjusting the sowing date of winter wheat to cope with climate change could be more realistic and convenient for local farmers.
Adjusting the crop sowing date to adapt to the local environment has been studied all over the world. A previous study has reported that sowing wheat early as soon as the rainfall season starts can minimize the negative impact of climate change and result in high grain yields in the Mediterranean environment (Bassu et al., 2009) . In South Australia, the sowing 2 wk earlier is an effective adaptation strategy for climate change when the initial soil water is suitable (Luo et al., 2009) . From Dickens to Alliance in Nebraska, a later sowing date can increase wheat grain yields and help winter wheat to adapt to the warmer environment (Weiss et al., 2003) . In India, shifting the sowing date of wheat 15 d later than the current sowing date in the rice (Oryza sativa L.)-wheat cropping system of the region would minimize yield reduction in the future environment (Jalota et al., 2013) . In the North China Plain, the sowing date of winter wheat could be delayed by 5 d in the rotation of winter wheatsummer maize to maximize net income (Sun et al., 2007) .
In reality, the winter wheat sowing date in the North China Plain has been delayed by 1.5 d per decade in the recent 30 yr (Xiao et al., 2013) . Furthermore, wheat sowing date has been even delayed by up to 6.3 d per decade in some areas of China (Xiao et al., 2015) . On the Loess Plateau, the observed data shows that the wheat sowing date has been delayed by 1.2 d per decade (He et al., 2015) . There is no doubt global warming over the past decades have provided additional useful growing conditions before wintering period that encouraged farmers to delay the winter wheat sowing date accordingly. However, how the adapted sowing date affects crop development and yield formation is still poorly understood, especially in the rain-fed agro-ecosystem.
The semiarid Loess Plateau is a traditional and typical rainfed farming region due to lacking water resource for irrigation (Zhang et al., 2014) . Moreover, the growing period of winter wheat is not synchronized with the main rainy season that usually occurs from July to September of each year, which is actually the fallow period of winter wheat on the Loess Plateau (Kang et al., 2001; Li et al., 2001) . The global warming and high variations in precipitation could result in large fluctuations in wheat yields (Guo et al., 2010) . Thus, water resource deficits seriously threaten crop production in this region with frequent droughts (Wang et al., 2012) and become a major constraint on winter wheat production. Under such water-limited conditions, crop production is highly determined by rainfall resource use. However, the question of whether the delayed sowing date is still suitable in the different precipitation patterns (i.e., wet, medium, and dry years) is open. How to adjust sowing date to maintain high wheat yield in the different precipitation patterns still remains unknown.
Furthermore, how to improve the WUE during the wheat growing season is always a serious problem in this region, especially under global warming. Many studies have focused on employing the field management strategies to decrease water consumption during the wheat growing season (Gao et al., 2009; He et al., 2011) . The prior study also indicates that improving WUE in rain-fed crop production systems should reduce additional water requirements in agriculture (Rockstrom, 2007) . However, how the adapted sowing date affects on wheat water consumption (i.e., evapotranspiration, ET) have yet to be fully defined; and also, it is deserved to explore the wheat WUE changing with the adapted sowing date.
Notably, using the field experiment to solve the questions above is time-consuming and inconvenient in practice under global warming and high precipitation variation. Given this perspective, the crop model provides a useful tool to investigate the interactions among sowing date, yield, and water use under climate warming. In the case of wheat, several models have been tested, and they include the decision support system for agrotechnology transfer (DSSAT, Guo et al., 2010) , AquaCrop , and the agricultural production systems sIMulator (APSIM, He et al., 2015) . Among the different models, RZWQM2 effectively simulates the effects of main agricultural management practices on the soil-water-plant processes that influence water in soils (Cameira et al., 2007) . As a process-based crop model, the RZWQM2 has been extensively used to simulate crop development, water use, and management practices (Fang et al., 2014; Ma et al., 2007 Ma et al., , 2012 , and has been proven to be an effective tool for investigating the potential impacts of climate variability on the yield and water use of winter wheat production (Ko et al., 2012) .
In the present study, we explored the modified sowing date as a response to the potential impacts of climate trends by employing RZWQM2 in simulation of crop phenological stage development, ET, and final yield based on the long historical climate data . The objectives of this study were to (i) characterize winter wheat yield, growth duration, ET, and WUE corresponding to the adapted sowing date as a response to global warming; (ii) study the optimum wheat sowing date under different annual precipitation patterns (i.e., wet, medium, and dry year), and (iii) analyze the effect of the adapted sowing date on wheat development and yield formation characterized by environmental and physiological conditions in the rain-fed farming.
MAteriAls And Methods site description and Field experiment
The study site Changwu (35.28° N and 107 .88° E, altitude of 1220 m) is a typical rain-fed cropping region on the Loess Plateau, Northwest China, which is characterized by a semiarid and continental monsoon climate. The annual mean temperature and total precipitation are 9.1°C and 578 mm, respectively, and 55% of precipitation falls between July and September. There open pan annual evaporation of 1440 mm was averaged from 1957 to 2009. Ground water in the Loess Plateau has a depth of approximately 60 m (Huang et al., 2003) . The site has more than 100-m thick loess developing from the loess deposits, and the soil in this site is classified as aridic and loamy, specifically belonging to Cumulic Haplistoll according to Soil Survey Staff (2010). The average soil pH and bulk density are 8.4 and 1.27 g cm -3 , respectively, and the saturated hydraulic conductivity is 24 cm d -1 . Cropping on the Loess Plateau is rainfall-dependent because of lack of available irrigation sources; thus, the sustainability of agriculture is significantly dependent on the change and variability of rainfall (He et al., 2014) .
It should be noted that though this study only focused on the winter wheat, we selected a continuous winter wheatspring maize experiment (from 2004-2012) to calibrate and validate RZWQM2. The experiment was conducted with a 50 by 50 m production scale at Changwu Agro-ecological Experiment Station (Table 1 ). The soil water content were measured in the field using a neutron probe (CN503B), which was taken every 10 d at 0.1 m intervals from the soil surface to a depth of 1 m. In the wheat growing process, aboveground biomass in one phenological stage was determined by sampling 20 wheat plants (or five maize plants) from the 1 by 1 m plots after oven drying to constant weight (repeated four times). Leaf area was measured using CI-203 (CID Bioscience, Inc., Camas, WA) portable laser leaf area meter, using the same samples for biomass measurement. Aboveground biomass and leaf area of wheat was measured before the wintering, turning green, jointing, and heading stages (at seedling stage, jointing, tasseling stage and maturity for maize) during the growing season. Leaf area index (LAI) was calculated according to . In the harvest, final wheat yield and aboveground biomass were determined from the entire 1 by 1 m plots which were repeated six times. Crop cultivation and field management, such as pest and weed control, were implemented based on the local farming practices.
Model description and Assessment
The RZWQM2 is a process-oriented agricultural system model, which integrates various physical, chemical, and biological processes and simulates the impacts of soil-crop-nutrient management practices on soil water, crop production, and water quality under different climates (Ahuja et al., 2000) . As a one-dimensional model, it has a detailed soil-water balance module that uses the Green-Ampt equation for infiltration (Ahuja, 1983; Green and Ampt, 1911) and the Richards equation for the redistribution of water among different soil layers (Celia et al., 1990) . Accordingly, this model provides the option to calculate daily potential ET based on the extended Shuttleworth-Wallace equation that is modified to include the surface crop residue dynamics on aerodynamics and energy fluxes (Farahani and Ahuja, 1996; Shuttleworth and Wallace, 1985) . There are four main groups of parameters in the RZWQM2: the soil physical properties, organic matter N cycling, plant growth and irrigation, and fertilizer and manure application rates (Esmaeili et al., 2014) . Among them, the management practices simulated in the model included surface crop residue dynamics, choice of crop cultivar, planting and harvesting operations, tillage, and applications of irrigation, manure, and fertilizer at different rates and times with different methods. In Version 2 of the currently used RZWQM, the soil and water routines are coupled with the crop simulation modules in DSSAT 4.0, which were used to simulate the detailed crop growth and development in this study.
The historical daily meteorological data (1956-2012) on Changwu were collected from the Chinese Meteorological Agency, which included minimum and maximum air temperature (°C), shortwave radiation (MJ m -2 d -1 ), relative air humidity (%), rainfall (mm), and mean wind speed (km d -1 ) as external force for the RZWQM2. The soil water retention curve was derived from the 33 and 1500 kPa soil water contents from different soil layers; meanwhile, the layered soil texture (%), saturated water content (cm 3 cm -3 ), bulk density (g cm -3 ), organic matter (g kg -1 ) and pH were measured as the input parameters for the RZWQM2 ( Table 2 ).
All of the analyses conducted in this study were based entirely on a modeling exercise, which required that the effectiveness and accuracy of the RZWQM2 be tested on the Loess Plateau. The parameters of maize in the RZWQM2 were also calibrated and validated for data integrity and continuity. The model was calibrated based on the field experiment data from 2008 to 2011 using a combination of the Parameter Estimation software (Doherty, 2010) and trial and error method , Then, the model was validated using the field experiment data from 2004 to 2007. The winter wheat cultivars of Changwu 89134 and Changhan 58 were similar in ecophysiology, and accordingly they were calibrated and validated using the same genetic parameters in RZWQM2.
Adaption strategies
In this study, we regarded the sowing date as the main adaptation strategy for global warming by model-based assessments. We used 20 September of each year as the baseline sowing date based on local field management in practice and set up the following 12 scenarios of sowing date in the RZWQM2: , 10, 15, 20, 25, and 30 September; and 5, 10, 15, 20, 25, and 30 October. The seeding density of winter wheat was set to 350 seeds m -2 . The date of maturity was delayed with the sowing date to meet the requirement of wheat physiological maturity. The other properties of soil and field management practice remained for all scenarios. The data on yield development, growth duration (anthesis and maturity), water consumption, and final yield were simulated from 1956 to 2012. The WUE (kg ha -1 mm -1 ) during the growing season was calculated based on the simulated ET and yield in each scenario. It was by comparing the wheat production and water use to make sure how the sowing date of winter wheat adapted to global warming on the semiarid Loess Plateau.
data Analysis
The root mean square error (RMSE) and index of agreement (d) were used to verify the performance of the RZWQM2. The RMSE shows the extent of the overestimation or underestimation of a simulation, while d indicates the bounded relative measure of the agreement between observed and simulated values:
where S i is the simulated data, O i is the observed data, i O is the average value of observed data, and n is the number of pairs of simulated and observed data.
In DSSAT 4.0, the development rate of phenology is governed by growing degree day (GDD), which is computed based on the daily maximum and minimum temperatures. Currently, only temperature and, in some cases, daylength, drive the accumulation of the GDD. Thus, the global warming may significantly impact the GDD during the winter wheat growing season. In this study, the potential GDD in the winter wheat growing season (from September through next June) from 1956 to 2012 was estimated as max min base GDD 2
where T max and T min are the daily maximum and minimum temperatures (°C), respectively, and T base is the base temperature for winter wheat (°C), which is defined as 0°C (Baker et al., 1980; Gallagher, 1979) . The drought index (DI) of annual precipitation was used to assess the variations of precipitation across 56 yr (Guo et al., 2012) :
where P is the annual precipitation (mm), M is the average yearly precipitation for the studied period (mm), and s is the standard deviation (mm). The wet, medium, and dry year were defined as DI > 0.35, -0.35 ≤ DI ≤ 0.35, and DI < -0.35, respectively. Linear and quadratic regressions were used to detect the trends of temperature, precipitation, wheat grain yields, duration of growing season, and WUE with the adapted sowing date under different precipitation patterns. Correlation analysis was conducted using the bivariate correlation of the Statistical Product and Service Solutions software (SPSS version 16.0).
results

Credibility of the rZWQM2 Model
The model testing indicated that the simulated grain yields for 8 yr were close to the observed values, where RMSE and d were respectively 558 kg ha -1 and 0.988 in calibration, and 719 kg ha -1 and 0.959 in validation (Fig. 1A) , being well within the error bars of the observed grain yields. Most of the aboveground biomass was also estimated well with the observed values across 8 yr, where RMSE and d were respectively 1295 kg ha -1 and 0.977 in calibration, and 3389 kg ha -1 and 0.522 in validation (Fig. 1B ). An outlier might result from the significant decrease in the accumulated shortwave radiation during the winter wheat growing season in [2005] [2006] , for which the RZWQM2 underestimated the total aboveground biomass.
The soil water dynamics around the root zone (0-100 cm) were adequately simulated by the RZWQM2, where RMSE = 45.4 mm, d = 0.802 in calibration, and RMSE = 46.7 mm, d = 0.787 in validation (Fig. 2A) . The estimated LAI for 8 yr showed a good degree of accuracy for the observed values, where RMSE and d were respectively 1.28 and 0.741 in calibration, and 1.78 and 0.758 in validation (Fig. 2B) . A slight underestimation of LAI may be attributed to the great drought conditions during the winter wheat growing season (Fang et (Fig. 2C) . The simulated development of the crop phenological stages was reasonably consistent with the observed values ( Table 3) These results demonstrated the capability of the RZWQM2 to efficiently simulate crop development, water movement, and final crop yields on the Loess Plateau, thereby providing a solid basis for the application of RZWQM2 to the studies on climate change assessment. 
Global Warming on the loess Plateau
Atmospheric temperature is the main indicator of climate change at global and regional scales. Temperature in the wheat growing season and the available GDD from September through next June increased significantly in the study site ( Fig.  3A and 3B) . Generally, the average temperature increased by 0.2°C per decade, and the available GDD increased by 44.5°C per decade from 1956 to 2012. The trend can be divided into two stages, namely, a minimal change and a great increase before and after 1982, respectively. Since 1983, the average temperature and GDD during the growing season have significantly increased by 0.52°C per decade and 140.7°C per decade, respectively. Furthermore, the average precipitation decreased by 4.3 mm per decade from 1956 to 2012.
Yield
The three sowing dates, namely, 10, 20, and 30 September, were selected as the examples to assess the response of winter wheat sowing date on global warming from 1956 to 2012 (Fig.   4) . Evidently, all the yields exhibited a decreasing trend with global warming from 1956 to 2012; this trend was more significant since the 1980s (Fig. 4A) . However, the delayed sowing date can maintain, and even increase the yield in most years. In average, the yield on the sowing date of 30 September was increased by 639 and 1221 kg ha -1 than those on the sowing date of 20 and 10 September, respectively.
The influence of sowing date on the yield was further assessed in the different precipitation patterns (Fig. 5) . Notably, the properly delayed sowing date increased the yields regardless of the precipitation patterns. The yield differences in the precipitation patterns ranged from 7000 to 8200 kg ha -1 in the wet year, from 6500 to 7400 kg ha -1 in the medium year, and from 3900 to 6000 kg ha -1 in the dry year. The results revealed that the trends of yield in the wet and medium years were trapezoid-shaped, which increased with the delayed sowing date before 30 September, were stable from 30 September to 10 October (peaked on 10 October), and then decreased slowly after 10 October (Fig. 5A and 5B). Similarly, the yields in the dry year continuously increased with the delayed sowing date until 10 October, were stable from 10 to 20 October (peaked on 15 October), and then decreased slowly after 20 October (Fig. 5C) , implying that the delayed sowing date might mainly adjust the soil water condition associated with phenological development and consequently improve the crop yield. Notably, the yield variation decreased with the delayed sowing date in the wet and medium years ( Fig. 5A and 5B). Meanwhile, the yield variation showed a similar value in the dry year (Fig. 5C ), indicating that the delayed sowing date might work flexibly in the dry condition. Although a delayed sowing date cannot reverse the decrease trend of the yield from 1956 to 2012 due to the global warming, it can effectively minimize the trend; for instance, the decreasing rate reduced from 36.4 kg ha -1 yr -1 on 20 September to 13.3 kg ha -1 yr -1 on 30 October (Fig. 6 ).
Growth duration
Over the past 56 yr, the total growth durations have significantly decreased due to global warming (Fig. 4B) . The total growth duration decreased by 1.5 d per decade on average, and even 5.7 d per decade since 1983 (P < 0.01). The sowing date could not reverse the decreasing trend of the growth duration (Fig. 4B) . However, the delayed sowing date could result in a delay of the maturity stage compared with the current sowing date. With the sowing date delayed by 5 d, the total growth duration decreased by approximately 4 d, which indicated that the maturity date could be delayed by 1 d on average. Thus, the delayed sowing date modified the key phenological stages of winter wheat, namely, anthesis and filling, to be in the relatively wet and warm periods, which could be contributed to yield formation.
Evapotranspiration and Water Use Efficiency
Following the decreasing trend of wheat growth duration (Fig. 4B) , both the ET and the WUE showed a decreasing trend from 1956 to 2012 (Fig. 4C and 4D ). Among the different sowing dates, the average ET decreased with the delayed sowing date, that is, 318.1, 305.6, and 283.6 mm on 10, 20, and 30 September, respectively (Fig. 4C) . The WUE increased with the delayed sowing date, that is, 17.3, 19.2, and 24.0 kg ha -1 mm -1 averaged on 10, 20, and 30 September, respectively (Fig. 4D) .
The influence of sowing date on the ET and WUE of winter wheat were further assessed in different precipitation patterns (Fig. 7) . Notably, the delayed sowing date significantly decreased the ET and increased the WUE regardless of the precipitation patterns. For instance, the mean ET on 15 Oct. decreased by 86.5, 81.7, and 57.1 mm compared with that on 20 September for the wet, medium, and dry year, respectively; the mean WUE on 15 October increased by 11.7, 9.4, and 10.6 kg ha -1 mm -1 compared with that on 20 September for the wet, medium, and dry year, respectively. The WUE continuously increased with the delayed sowing date and the ET was reverse. Among different precipitation patterns, large differences in the WUE ranged from 20.9 to 46.2 kg ha -1 mm -1 in the wet year, from 18.9 to 37.8 kg ha -1 mm -1 in the medium year, and from 13.0 to 30.4 kg ha -1 mm -1 in the dry year. Although the delayed sowing date could not reverse the decreasing trend of the WUE, it could effectively reduce the decreasing rate from 0.065 kg ha -1 yr -1 on 20 September to 0.0085 kg ha -1 yr -1 on 30 October (Fig. 6) . 
disCussion impact of Global Warming on Wheat Growth
Understanding of global warming impacts on crop production may enhance adaptation strategies, which will help to mitigate the adverse impact of climate change, especially in the arid and semiarid regions. Given the low and variable precipitation in the typical semiarid environment of the Loess Plateau, the agro-ecosystem in this region is vulnerable to climate change. Air temperature has a strong impact on winter wheat development because of its effect on leaf growth (Gallagher, 1979) , and this has been expressed as thermal time, that is, GDD (Hotsonyame and Hunt, 1997) . Due to the significant increase of average temperature and GDD during the winter wheat growing season, the wheat phenological developments are significantly accelerated. For instance, the phase green-up, anthesis, and maturity during the winter wheat growing season have been advanced by 1.1, 2.7, and 1.4 d per decade on average in the North China Plain (Xiao et al., 2013) and by 2.0, 3.7, and 3.1 d per decade on average on the Loess Plateau (He et al., 2015) . Similar to these studies, our study showed that the phase green-up, anthesis, and maturity of winter wheat were advanced by 1.2, 1.6, and 1.5 d per decade from 1956 to 2012, and even by 5.8, 5.6, and 5.7 d per decade since the 1980s.
Moreover, a great reduction of wheat grain yields would accompany the global warming duo to influence the temperature, light, and heat in the key phenological stages of winter wheat (He et al., 2014; Liu et al., 2010) . Based on the observed data, the significant warming trend has reduced the wheat grain yields by 120 to 720 kg ha -1 at different sites on the Loess Plateau (He et al., 2014) . In this study, the grain yield was decreased by 364 kg ha -1 per decade from 1956 to 2012, and even by 821 kg ha -1 per decade since the 1980s. If the field management practices were remained, global warming would seriously aggravate the substantial threat to the local food supply and agricultural development in this region.
effect of the Adapted sowing date on Crop development and Yield Formation
Except for its variable precipitation and frequent drought, the Loess Plateau has adequate photo-thermal resources, which can potentially allow the adjustment of the sowing date for the maintenance of high crop yields. Our results showed that wheat still maintained a high yield with the delayed sowing date, especially in the dry year. To explore the incentives of the delayed sowing date for yield-maintaining, the response of precipitation in growing season, wheat LAI, aboveground biomass, and grain N to different sowing dates were analyzed, respectively.
In the rain-fed farming, the quantity and distribution of rain water are the key factors for crop production. We first analyzed the precipitation in the duration from wheat jointing to anthesis stage and took the sowing dates of 10, 20, and 30 September as examples (Table 4) . It was noteworthy that the precipitation in this duration increased with the delayed sowing date from 84.8 to 92.7 mm in wet year and from 52.5 to 55.3 mm in the dry year; the precipitation on 30 September in medium year was improved comparing with that on 20 September; the precipitation variation also increased with the delayed sowing date (Table 4) . Accordingly, the delayed sowing date effectively improved the soil water condition from jointing and anthesis, which provided suitable soil environment for the key wheat phenological stage development. Evidently, based on suitable soil water condition, the crop vegetative growth with delayed sowing date were much better, which characterized by the significant increase in maximum LAI and aboveground biomass excluding grain ( Fig. 8A and 8B) . It was important to note that the delayed sowing date greatly promoted the vegetative growth that provided a stable material basis for an efficient reallocation of photosynthates to the grain.
Moreover, the delayed sowing date results in significant differences in environmental conditions during crop grain filling and usually helps the grains grow with increasing temperatures and diminishing moisture conditions (Panozzo and Eagles, 1999; Subedi et al., 2007) . These modifications ensured the effective capture and utilization of light, heat, and rainwater resource for winter wheat growth. Then the sowing date can modify the contribution of postanthesis dry matter and N accumulation to grain dry matter and N yields, respectively (Ferrise et al., 2010) . Similarly, the wheat grains in this study uptake more N with the delayed sowing date (Fig. 8C) . Due to the suitable soil water conditions, dominant vegetative growth, strong uptake of N, and suitable environment in the filling stage, the wheat yield was finally improved.
the suitable sowing date in the different Precipitation Patterns
Analyses above had indicated that the properly delayed sowing date could improve the wheat yield regardless of the precipitation patterns. However, winter wheat may require certain GDD to grow strong seedlings before overwintering from the viewpoint of agronomy. In addition, the freeze injury before overwintering must be considered in this region. Thus, the delayed sowing date cannot be too late.
The start time of wheat overwintering stage ranged from 16 November to 25 December and most were around 10 December in the last 56 yr. If we regarded 10 December as the start time of wheat overwintering stage, the average GDD before overwintering was 315.3°C on the sowing date of 10 October and 260.5°C on the sowing date of 15 October. To maintain a high level of yield under global warming, maintaining the GDD before overwintering being greater than the above limited value of GDD was required in different precipitation patterns. Therefore, the sowing date of winter wheat was recommended to be delayed by 10 to 20 d in the wet and medium years and by approximately 20 to 25 d in the dry year than the current sowing date of 20 September.
Compared with the baseline, the delayed sowing date increased winter wheat yields by 6.4, 8.3, and 38 .3% the largest in the wet, medium, and dry years, respectively. In Nebraska, the delayed sowing date can increase the wheat yield near and in the semiarid western regions (Weiss et al., 2003) . This result combined with ours, suggests that the delayed sowing date performs more efficiently in the dry space-time conditions. the effect of the Adapted sowing date on Water use
Projected changes in precipitation and temperature are expected to cause increasing drying and drought on the Loess Plateau of China (Fig. 2) . The main agro-ecosystem is rain-fed farming with a significant precipitation variation in this region. Thus, the improvement of water use is the most important approach to increase crop yield. An assessment of the response of ET only to climate variability has found no evident intensification over the past 56 yr in North China (Mo et al., 2009) , whereas the mean trend of winter wheat WUE will decrease with consideration of the future climate (Guo et al., 2010) . Global warming may generally induce significant decreases in WUE. However, due to the delayed sowing date, the ET was reduced with the reduction of wheat growing duration, and the wheat WUE was improved by the yield increase. Although the delayed sowing date cannot reverse the decreasing trend of wheat WUE due to the global warming, it efficiently minimized the decreasing rate of wheat WUE from the 1950s. This reduction can significantly alleviate the shortage of agricultural water resource and contribute to the sustainable agricultural development on the Loess Plateau. The attributes of soil moisture adjustment and WUE with the adapted sowing date could play an important role in deal with climate change.
implication of the Current study
In this study, the delayed sowing date improved the soil water conditions and optimized the wheat phenological stages to maintain a high yield under global warming. Actually, many other typical agronomic management practices on the Loess Plateau, such as the mulch of plastic film and crop straw Zhang et al., 2009 Zhang et al., , 2011 Zhou et al., 2009 ), tillage measures (Jin et al., 2007) , and deficit irrigation (Wang et al., 2013), can improve soil water retention, increase soil water storage, and even influence crop phenological stages. These practices have been extensively and effectively used to improve the crop water use and yield. Those management practices should be studied in the future work to make sure more strategies for farmers to cope with the global warming.
Given that changes in wheat sowing date lead to relatively limited improvement in wheat yield, which could not offset the adverse impact of global warming, the approach should be combined with other adaptation strategies. For instance, changing the N application rate and wheat genotype together with the sowing date has efficiently improved wheat yield under climate change (Luo et al., 2009; Martín et al., 2014) . Therefore, combining the choice of sowing date with the other field management practices or crop breeding may be an efficient approach to the mitigation of the adverse impact of global warming on crop production.
There are some important issues that could not be addressed in our investigation. Note that the RZWQM2 employed in this study was only validated using the field experiment within the relatively limited sowing date variation (i.e., from 17-26 September). This may have influenced the accuracy of prediction since our scenarios of delayed sowing date are extended out of the validated ranges. In this regard, it is very necessary to have further field experiments accounting wide ranges of sowing dates which is very lacking nowadays. Uncertainties of environmental factors (e.g., freeze injury) and of parameters for different wheat cultivars among years may also contribute to model prediction bias. In addition, we think the climate change will go along with the existed trend in the near future. Based on this thoughtfulness, the findings in the present study provide some useful guide for farmers to change the wheat sowing date in a short term. The adapted sowing date for the future climate should be included in an extension of the present study.
ConClusion
A significant warming trend has been detected across the Loess Plateau, which has reduced winter wheat growth duration, yield, and WUE under the present crop management. In this study, at the help of the RZWQM2, we study how to modify the wheat sowing date so that the impacts of global warming can be mitigated as a response to this phenomenon. Our conclusions are as follows:
1. The simulated results showed that the RZWQM2 is a reliable tool for assessing the environment and climate change impact of alternative management strategies, and for predicting the effect of management on crop production and water use on the semiarid Loess Plateau. 2. The delayed sowing date could delay the winter wheat growth development and adjust the soil water condition associated with phenological development. Accordingly, it effectively increased the wheat yield, decreased the ET, consequently improved the WUE, and minimized the decreasing rate of yield and WUE under global warming from the 1950s. 3. The sowing date of winter wheat could be delayed by 10 to 20 d in the wet and medium years and by approximately 20 to 25 d in the dry year than the current sowing date of 20 September to maintain a high level of yield under global warming on the Loess Plateau.
